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We theoretically study the high-frequency response of charge domains traveling through a strongly coupled semiconductor superlattice with an applied harmonic electromagnetic signal. Our calculations show that the superlattice alone can amplify signals with a frequency close to the domain transient frequency. Moreover, we show that if the superlattice is connected to a resonator, amplification becomes possible for much higher frequencies of the external signal (several hundred GHz). These promising results open the way to using semiconductor superlattices as efficient subTHz amplifiers. Devices that operate in the sub-terahertz and terahertz range (0.1-10 THz) of the electromagnetic spectrum are crucially important for many prominent applications in key areas of science and technology such as astrophysics, broadband communications, medicine, and security. [1] [2] [3] However, present THz technologies are still severely limited (a phenomenon known as the THz gap). 4 One of the principle reasons for this is the lack of reliable compact solid state sources and amplifiers able to work in this frequency range. 5, 6 Although considerable progress has been recently achieved in the buildout of sub-THz/THz sources, 7-10 the development of amplifiers of sub-THz/THz signals still remains a significant challenge. 5, 11 In this paper, we explore the feasibility of using semiconductor superlattices (SLs) 12, 13 for the amplification of electromagnetic waves in the sub-THz range when moving charge domains are present in the device. [14] [15] [16] [17] [18] [19] SLs comprise multiple alternating layers of different semiconductor materials, 12, 13 which form a periodic modulation of the conduction band. This creates a tunable, quantum mechanical environment that is suitable for the realization of Bloch gain, 7, [20] [21] [22] [23] which can be utilized both for the generation and amplification of sub-THz and THz signals. However, the same quantum mechanisms that give rise to Bloch gain result in electric instability, which leads to the formation of moving high-field charge domains. 24 This induces electric field inhomogeneity that destroys Bloch gain and makes amplification impossible. 25 Recently, research has been focused on the development of approaches that suppress the emergence of charge domains in SLs. [25] [26] [27] [28] Here, we propose to employ moving charge domains as an active medium for the amplification of high-frequency signals in SLs. This work is motivated by earlier research on Gunn diodes, 29, 30 where amplification was shown to be feasible for signals with frequencies both below 29 and above 30 the transient frequency of the Gunn domains. Here, we examine if charge domains in SLs are able to provide gain for high-frequency signals and whether a resonator can improve the characteristics of the SL amplifier.
The system under study is shown schematically in Fig. 1 . The device consists of a SL mounted into a coaxial resonator and ferrite circulator 31 that separates the input and output signals. A strongly coupled SL, where electron transport occurs within a single miniband, is used as the active element. To describe the charge dynamics in the SL, we use a set of 1D time-dependent current continuity and Poisson equations, which self-consistently couple the volume electron density, n, the electric field along the SL, F, and the local current density, J (Ref. 24 )
Here, x is the spatial coordinate perpendicular to the SL layers, t is time, n D is the n-type doping density in the SL layers, e > 0 is the electron charge magnitude, and e 0 and e r are the absolute and relative permittivities, respectively. The current density is calculated using J ¼ env d (F), where the drift velocity, v d , of miniband electrons for a miniband width, D, and temperature, T, can be estimated analytically
Equation (3) is obtained by averaging of the Esaki-Tsu formula for drift velocity 12 with respect to the MaxwellBoltzmann distribution of the initial electron momentums at the given temperature T. 33 Here, I 0,1 (.) are the modified Bessel functions of the first kind, k B and h are the Boltzmann and the Planck constants, and d is the spatial period of the SL.
Electron scattering in the SLs is characterized by the effective scattering time, s, which takes into account both elastic and inelastic events. 24 We assume Ohmic contacts, which determine the boundary conditions J(0, t) ¼ rF(0, t), where r is the contact conductivity and the voltage V sl applied across the SL defines a global constraint to the system
where L is the length of the transport region in the SL. The voltage drop across the contacts, U, includes the effect of charge accumulation and depletion in the emitter and collector regions and a contact resistance, as shown in Refs. 34 and 35. The total current through the SL with a cross-sectional area A is then given by
In our calculations, we take parameters corresponding to SLs used in recent experiments: [36] [37] [38] 
À1
, and T ¼ 4.2 K. We solved the model equations (1)- (5) numerically using the discretization scheme discussed in Refs. 35 and 36.
First, we investigate gain in the SL alone, i.e., without a resonator. The current-voltage curve of the device is shown in the inset of Fig. 2 . The descending part of this curve (for V sl > V th % 360 mV), or negative differential conductance (NDC), is responsible for the emergence of moving charge domains. These domains generate current oscillations with a rich spectral content. For example, in Fig. 2 , the amplitude spectrum of the current oscillations is presented for V sl ¼ 510 mV. Remarkably, although the fundamental frequency of the current oscillations f 0 % 17.3 GHz, there is also significant power associated with harmonic frequencies in the range 0.2-1 THz.
The action of an external monochromatic electromagnetic field can be considered as an additional AC voltage applied to the SL, so that V sl ¼ V 0 þ V ext cosð2pf ext tÞ, where V 0 represents a DC bias, while V ext and f ext are the amplitude and frequency of the external signal. In this case, the absorption of the AC field 39 can be introduced within small signal approximation as aðf ext Þ ¼ <½rðf ext Þ=ðn r e 0 c 0 Þ, where <½rðf ext Þ % 2ðhIðtÞ cosð2pf ext tÞi t =AÞ=ðV ext =LÞ is real part of the highfrequency conductivity, 26 h:i represents the time average over infinity, n r is the refractive index of the SL material, and c 0 is the speed of light in vacuum.
Figure 3(a) shows the dependence of a upon f ext for V 0 ¼ 510 mV and V ext ¼ 60 mV. The plots reveal amplification of the signal (a < 0) when f ext < 9 GHz. In this f ext range, the increase of V sl with increase in time enhances the field inside the moving charge domain, and thus localizes the charge carriers. This means that the current decreases until the high field in the domain reaches a maximum value. Hence, an additional dynamic (high-frequency) NDC is generated in the SL, which promotes the amplification of highfrequency signals. However, this process is only possible when the applied AC voltage has a frequency low enough to allow the domain enough time to respond to the perturbation, and therefore, we find a > 0 for f ext > 9 GHz.
We also reveal peaks in the absorption at frequency intervals corresponding to synchronization within the system, i.e., when the frequency of the domain transition is locked by the frequency of the external signal. To illustrate this, we calculate the rotation number 40 q ¼ f ext /f 0 , which is represented by the solid curve in Fig. 3(a) . The q(f ext ) curve has characteristic plateaus with values q ¼ 1, 2, 3,…, each time a(f ext ) exhibits a prominent peak: see regions highlighted by grey vertical stripes. Figure 3(b) shows the regions of amplification in the parameter plane (f ext , V 0 ) for V ext ¼ 20 mV (dashed contour, red online) and V ext ¼ 60 mV (solid contour, green online). In both cases, amplification is possible only in the presence of moving charge domains, i.e., for V 0 > V th , where V th % 360 mV is the threshold voltage corresponding to onset of current oscillations. For large V 0 , amplification is completely suppressed, since-for high DC bias-the domains no longer respond to the AC component of the applied voltage, and thus, high-frequency NDC is destroyed. Notably, in both cases, amplification is realised for frequencies that are close to the first harmonic in the current oscillations spectrum (see Fig. 2 ). However, the presence of prominent high-frequency spectral components suggests that tuning the resonator to them may make the space-charge domains more sensitive to high-frequency signals.
To investigate this hypothesis, we consider the SL interacting with a single-mode external resonator, which is characterised by a resonant frequency, f Q , and quality factor Q.
The action of such a resonator upon the SL can be represented by an equivalent RLC-circuit shown in Fig. 1(b) . In this case, the model equations (1)- (5) should be coupled to the non-stationary Kirchhoff equations
where L, C, and R are the inductance, capacitance, and resistance of the resonant circuit, and R l is the load resistance. The variables V 1 and I 1 are the voltage across the capacitor and the current through the inductance, and I(V sl ) is the current generated by the SL, where
Plots of a(f ext ) and q(f ext ) are shown in Fig. 4 Remarkably, the onset of synchronization significantly affects the absorption a. We find that synchronization can lead either to increase of the absorption (a > 0) or to amplification of the signal (a < 0). Whether a > 0 or a < 0 depends on the phase difference between the external signal and the current oscillations generated in the SL. A full understanding of this phenomenon requires further study, which will be published elsewhere.
To gain deeper insight into the effect of f Q on a, we superimpose the areas of the amplification (a < 0) in the (f Q , f ext ) parameter plane on a color map, showing the amplitude spectrum, S(f), of the current oscillations (see Fig. 5 ) calculated for a range of f Q . In this figure, yellow/ black corresponds to high/low power density. The regions of amplification are shown light grey. Figure 5 reveals that amplification is achieved when f Q is close to the harmonics in the current oscillation spectrum. Increasing f Q involves in the amplification the higher harmonics, thus enabling gain for signals whose frequency is much higher than the fundamental frequency of the current oscillations in the SL.
In conclusion, we have shown that propagating charge domains in SLs can be utilized as a medium for the amplification of sub-THz signals. We find that such a medium provides gain for signals with frequencies less than, or comparable to, the frequency of the current oscillations, f 0 . Appropriate coupling of the SL to a resonator tuned to the harmonics of f 0 can significantly (several times) increase the gain provided by the moving charge domains. In addition, the resonator can create conditions for the amplification of signals with frequencies close to higher harmonics of f 0 . Our results provide a promising way to use semiconductor SLs as efficient sub-THz and THz amplifiers.
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